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ABSTRACT
The objective of this study was to study the curl re
sponse of paper as affected by filler distribution, i.e.
top-side, wire-side, or middle of the sheet, and to deter
mine whether or not filler distribution plays a part in
curl formation.

Plybonded sheets were prepared which con

tained 17-20% ash.

The filler content was positioned in

various locations within the sheet.

The sheets were sub

jected to relative humidities of 20-80%, and the curl re
sponse was measured.

The maximum curl was produced when

the filler was farthest away from the dryer surface.

Mini

mum curl. was produced when the filler was closest to the
dryer surface.

Sheets which contained an even distribution

of filler gave approximately the same results as the un
filled sheets.

The location of filler within a sheet of

paper varied the magnitude and direction of curl.

The curl

responses of filled and unfilled sheets were not signifi
cantly different provided that the filler content was even
ly distributed.

INTRODUCTION
The treatment of cellulose fibers through the total
process of papermaking affects the way in which the final
product will react to changes in relative humidity.

Stu

dies have been done with pulp types, refining, drainage
rate, and drying conditions in relation to dimensional
changes in the form of curl.

Each study has shown optimum

results in which curl could be reduced or avoided.

The

objective of these studies has been to determine the causes
of curl.

The objective of this study was to determ�ne

if the distribution of filler through a sheet of paper
has a role in the curling of paper, and what that role
might be.

BACKGROUND
DEFINITION OF CURL
With respect to the printing of paper, curl was re
ferred to by Guest (!) as the depart�re of paper from the

flat form which may lead to feeding problems in the press.
Glynn (I) stated that curl was brought about by a different
behavior through the structure.

This was the result of

a varying degree of departure from isotropy from one face
of the paper to the other.

CATEGORtES OF CURL
Casey (�), in his review of curl studies, concluded
that there were four basic categories of curl.

Inherent
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curl was that which resulted from the dried-in stresses
caused during the drying process.
acterized by immediate visibility.

Inherent curl was char
Delayed curl was a

type of inherent curl which was visible upon the aging
of the paper.
As time pass�d, t�e release of dried-in stresses re
sulted in curl.

Structural curl was du� to the physical

difference between the two surfaces of the paper.
difference was the result of sheet forming process.

This
For

instance, longer fibers are generally found on the wire. side of a sheet.

The alignment of the fibers on either

side of the sheet are also different, with respect to a
sheet made on a fourdrinier papermachine, due to the wire·
speed being greater than the speed of fibers coming out
of slice.

The wire-side of the sheet is generally more

aligned in the machine direction, while the top-side of
the sheet is variable in its fiber alignment.
Moisture curl was the result of dimensional changes
caused by changes in moisture content.

The changes in

moisture content cause expansions and contractions of the
individual fibers, and in turn, to the total mass of the
sheet.

The result was visually seen as curl.

Smith (4)

termed the cockling of a sheet of paper as localized curl.
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CAUSES OF CURL
Sorption of Water by Cellulosic Fibers
The sorption and desorption of water by cellulosic
fibers is due to the hygroscopic nature of the fibers.
Upon wetting, the individual fiber absorbs water in its
large internal surface which contains residual valences
and polar groups (5).

s:: 24
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FIGURE 1.

100
% Relative Humidity
Adsorption curves for cotton at low
temperatures.

From Figure 1, cellulose absorbed water vapor at all
l�v�ls of relative humidity when relative humidity was
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increased.

Note that at higher humidities moisture regain

increased more rapiJly than at lower humidities.

In a

review of cellulosic materials (�), it was found that the
absorption of water by cellulosic fibers resulted in an
increase of 15-20% in fiber diameter and· two to five per
cent in fiber length.

Glynn (2) and coworkers also saw

a two percent increase in fiber length, as the relative
humidity was increased from zero to 100%.

Glynn considered

the increase negligible.
Stock and Stock Preparation
The curling tendencies of a sheet of paper was related
to.the type of fiber used, the way in which it was pro
cessed, and the way in which it was treated prior to paper
Pritchard CZ) investigated different pulp types

formation.

·including weak sulphite, rayon-type sulphite, and strong
bleached sulphate.
age.

Water expansion was related to shrink

She found that each pulp type could be characterized

by a separate line graphically.

The 'slopes of each of

the lines were inherent to the pulp types.

Rance (8) found

the same relationships when he studied the effects of water
removal on sheet properties.
Pritchard (7) also theorized that shrinkage was
brought about by two factors:
1.

The contraction of the cellulose fibers them
selves, as water evaporates from them.

2.

The contraction of the entire mass due to
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the surface tension forces set up between
the fibers as the water evaporates, which
pulls them toward one another.
Expansion of a dried sheet of paper was thought to be
caused by the swelling of the fibers themselves; the dried
in surface tension forces thought to be irreversible and
not able to aid in sheet expansion.
Nordman (�) measured the shrinkage and/or expansion
of paper using dye·markings separated by a fixed distance
after allowing handmade sheets t'o air dry.
were dried with and without restraint.

The sheets

He found that many

pulps yielded less than 3% shrinkage when they were un
beaten or only slightly beaten.

Nordman also concluded

moisture expansivity did not seem to be dependent on pulp
quality.

Instead it depended on the shrinkage only.

This

was confirmed by testing sheets of equal shrinkage made
from slush pulp and dried pulp.
mensional stability.

Each exhibited equal di

He concluded that a stock which pro

duced a sheet with a strong tendency toward shrinkage would
also cause difficulties as far as the dimensional stability
i.vas concerned.
Lorey and Libby (10) investigated the dimensional
stability of paper using various pulp types.

An expan

simeter was used to evaluate the changes in handsheet
dimensions with changes in humidity.

They found that

the expansion of the sheets made with sulphite pulps in
creased with increased purity.

Purity was not clarified.
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However, it was interpreted by this person to be delign
ification which would increase the bonding of fibers within
the sheet.

George

(JJJ

concluded from his work that un

bleached softwood sulphite would be best from a dimensional
stability standpoint.

His conclusion would agree with

the findings of Lorey and Libby.
Lorey and Libby (10) determined that sheets made with
stock of high CSf levels, forming a bulky sheet, would
not significantly expand.

They also determined that in

creased density of a sheet increased dimensional changes
with changes in humidity, in agreement with others (11_,
13).
Various additives introduced into pulp slurries prior
to sheet formation can alter the dimensional changes of
virgin pulp.

Stamm (14) found that heat treatments of

formaldehyde crosslinkers reduced fiber swelling.

Glynn

(15) and coworkers found no significant differences between
unsized sheets and sheets containing 2.5% rosin size at
pH 4.5.

On the other hand, Casey (3) stated that rosin

sized papers have greater curling tendencies than unsized
papers.
The most frequent type of additive was mineral fil
lers, such as clay.

Glynn

(.!..2_)

stated that a weak sheet

has less curling tendencies than a strong one.

When using

a filler addition of ten percent clay, no significant
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difference in curl was observed when compared to an un
filled sheet, contrary to the statement of curl related
to strength.

Underhay (16) found in his study of two

sidedness that in a heavily filled printing paper, the
ash content of the top-side of the sheet was more than
twice that of the wire-side.

This indicated a very aniso

tropic sheet, much different from an unfilled sheet.

Lorey

and Libby (10) found that there was always an increase in
expansion values taken at 76% and 97% relative humidities.
The sheets evaluated ranged from '1% to 27% total ash con
tent.

However, when the individual expansions were evalu

ated, the unfilled and the heavily filled sheets did not
differ significantly.

Glynn's (15) finding of no signifi

cant difference between the dimensional changes of filled
and unfilled papers agree with that of Lorey and Libby.
Machine Wet End Variables
Machine wet end variables also contribute to the curl
of paper.

Guest (1) found that the most important machine

operating conditions were the jet-to-wire speed ratio and
the position of the leading edge of the forming board rela
tive to the point of slice jet impingement.

These factors

determine fiber alignment and orientation to a great ex
tent.

It is the difference in fiber orientation of the

two sides of a sheet which governs the magnitude and direc
tion of the dimensional change of the sheet..
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Glynn (I) hypothesized that the stock leaving the
slice jet was initially accelerated as the stock hit the
wire.

This was under normal operating conditions when

the wire speed is greater than the jet speed.

The acceler

ation of the stock by the wire pulled the fibers preferen
tially aligning the fiber length in the machine direction.
This was mainly true for those fibers closest to the wire .
As the stock traveled down the table, the stock deaccelerated.

This allowed the fibers on the top-side of the sheet

to become randomly oriented.

As moisture was absorbed

by the dried sheet, the wire-side fibers expanded uniformly
and diametrically.

The top-side fibers expanded diametri

cally also, but since they were randomly oriented, the
expansions tended to cancel each other.

Hence, the cause

of curl toward the top-side of the sheet made on a four
arinier papermachine.
Anderson and Bergstrom (!Z.) observed minimal change
in sheet dimensions when the speed differential between
slice jet and wire speeds was -10 m/s.

At this speed dif

ferential, the machine direction shrinkage of the paper
was maximized and the cross-machine direction shrinkage
was minimized.

Guest (1) observed that at a jet-to-wire

speed ratio of one, structural two-sidedness was consider
ably reduced.

However, most papermachines cannot operate

at this jet-to-wire speed ratio.
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Glynn (�) described angular curl as curl oriented
at an angle to the machine direction or cross-machine di
rection.

Diagonal streaks were observed which originated

at the slice when angular curl occurred.

Basis weight

variations across the web occurred simultaneously.

The

diagonal streaks were associated with preferred angular
fiber orientation on the top-side while the wire-side was
oriented with the machine direction.
Anderson and Bergstrom (l.Z.) used dyed fibers to meas
ure fiber orientation.

They called the machine direction,

arbitrarily, at the zero angle.

The angle between the

fiber and the machine direction was measured.

An orientation factor of

angle was calculated.
0. F.

The average

=

45 ° 45 °

V

where� was the average angle, was calculated to determine
the degree of fiber alignment with respect to the machine
direction.

The factor would be equal to zero it there

was no preferred orientation, and would be equal to one
it all of the fibers were aligned in the machine direction.
Glynn (�) found that the first layer of a paper web
was i mmobilized by the wire.

The first layer was expected

to be preferentially aligned in the machine direction.
Some fiber orientation was observed beyond the first layer.
the successive layers were thought to be subjected to col�
lisions, convections, and entanglements reducing fiber
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alignment as the distance from the wire increased.
It was suspected by Glynn (2) that structural curl
was complete before pressing occurred.

He and his coworkers

took samples between the suction couch and the first press
followed by samples between the last press and the dryers.
Rewetting the dried samples showed no change in curl axes
or degree of curl.

Glynn stated that it appeared that the

dominant curl axes originated from a wet end rather than
a dry end condition, since the relaxation of any built-in
strains due to the drying conditions resulted in no change
in the axes, other than the complimentary.

Anderson and

oergstrom (l.Z.) determined that the best isotropy and the
closest structtire of the sheet are obtained by dewatering
at a slow rate and formation is allowed to occur under mod
erate drainage.

Underhay (16) defined two-sidedness as

the difference in physical composition of the two surfaces
of the sheet.

The function of· slow drairiage on the table

was to distribute the components of the furnish uniformly
throughout the sheet, thus eliminating two-sidedness to
some degree.
Drying Conditions
The experimental procedures for evaluating drying con
ditions in relation to curl were easier than for wet end
variables.

Glynn (15) found that the sheet would curl away

from the heat source when heat was applied directly to a
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paper surface.

Curl was toward the surface in contact with

the flat surface when the sheet was dried on a flat surface
with the flat surface between the sheet and the heat source.
The sheet cur led away f rom the can when dried on a dryer
can.

A wet shee t was placed between two f elts and then

dried on a dryer can.

An essentially flat sheet resulted.

These results of paper drying showed that the last side
to dry and contract curled the sheet toward that side.
Glynn also determined that a heat gradient was set up f rom
the concave surface to the convex surface when a sheet was
dried in direct contact on a dryer can and covered with
a felt.

The gradient developed a tendency to oppose curl

only when it could compete with the rate of moisture removal
f rom the convex surface.
Guest (1) found that if one side of a sheet was dried
at a faster rate than the other side, the one dried at the
faster rate would shrink first.

It was assumed that the

fibers were randomly oriented throughout the sheet.

The

contraction of the side dried at the faster rate due to
shrinkage was thought to pull on the side dried at the slow
er rate.

As the slower-drying side was dried, held in place

by the faster-drying side, it would not shrink further.
These shrinkage restraints, which were dried into the sheet,
were released when the web was cut into sheets.
of cutting the web into sheets was curl.

The result
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Smith (4) stated that shrinkage of paper occurred when
it was dried out from the wet state.

Greater shrinkage

was observed in th� cross-machine direction than in the
machine direction.
ious ways.

Shrinkage tendency was resisted in var

Cross-machine direction shrinkage was reduced

by frictional adhesion of the sheet to the dryer surface
and the drying clothing.
tighter dryer clothing.

However, shrinkage increased with
This was due to the increase of

dried-in strains arid the release of them when the web was
cut into sheets.
Glynn

(12_)

from a web.

related curl to the rate of moisture removal

His findings indicated that a uniform rate

of moisture removal should be established.

Starting the

drying process at a lower temperature and increasing the
temperature of the successive dryer cans gradually could
accomplish a uniform drying rate.
this method of drying.

Curl was minimized with

Much curl was observed when high

temperatures were initially applied to the wet web.

The

rate of moisture removal and the temperature gradient was
affected by the type of dryer clothing used, whether felt
or screen type.

Therefore, the type of dryer clothing af

fected curl.

MEASUREMENT OF CURL
Casey (l) described the C�rson curl tester as one which
allowed p�per to fall across a definite area of water.
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Tne maximum angle through which the sheet curled was meas
ured.

A number of samples were tested.

was calculated.

An average angle

The average angle of curl was added to

30 degrees, and then divided by the length of curled arc
in centimeters.

The test was reported in degrees per centi

meter of arc.
The degree of curl would also be detected by letting
a paper sample curl, and then measure the resultant curl
on a backing scale (l).
Glynn (I) used a 3-inch by 3-inch sheet with the edges
parallel to the machine and cross-machine directions.
radius of curvature was measured.

The

The reciprocal of the

.radius was calculated, and then multiplied by 100 to obtain
a whole number curl factor.
The best measurement of curl was said to simulate the
process the product will have to endure, and determine if
the resultant curl would be satisfactory to the use of the
end product.

CONCLUSION
The major variables of curl were stock, stock prepar
ation, wet end operating conditions, and drying conditions.
The difference between the physical composition of the sides
of paper was also cited as a factor of curl.

Several stud

ies indicated that curl did not vary significantly with
filler content.

This was somewhat contradictory to other
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hypotheses investigated which related curl to filler con
tent.

Curl studies in the area of filled papers seemed

to be inconclusive .
. •• I
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PRESENTATION OF PROBLEM
A number of the curl studies reviewed did not deal
with curl related to filler content.

The few studies that

did relate curl to filler content found no significant dif
ference between the curl responses of filled and unfilled
papers.

Also, there seemed to be no studies relating filler

distribution to curl.
It is the objective of this study to relate the curl
of paper with the distribution of filler throughout the
sheet. The magnitude and direction of the curl will a lso be
a major
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EXPERIMENTAL
OBJECTIVE
The objective of this study was to study the curl re
sponse of paper as a ffected by filler distribution, i.e.
top-side, wire-side, or middle of the sheet.

The role of

tiller location in the curl of paper was to be determined
1

by comparison of the curl responses of filled and unfilled
sheets to changes in relat.ive humidities.

DESIGN
Plybonded handsheets were made of four separate hand
sheets.

Two of the handsheets contained filler, and two

of .them did not.

The four sheets were arranged to obtain

three different filler locations.

. The plybonded sheets

were dried and cut into circular samples.
placed in a humidity chamber.

The samples were

The humidity was varied be

tween 25% and 80% relative humidity.

The curl response

was measured at each different humidity.

The filled sheets

were split and ashed to determine actual filler location.
The remainder of all the samples was ashed to determine
actual filler contents.

Statistical analysis was performed

on curl data and ash data.

Curl was related to relative

humidity for each sample case.

MATERIALS
The furnish used was 75% Espanola bleached kraft soft
wood and 25% Weyerhauser bleached kraft -hardwood.

The pulp
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was beaten in a laboratory Valley beater.

The filler was

Engelhard water-washed clay.
PKOCEDURE
The pulp mixture was beaten to approximately 250 ml
CSf.

A proportioner was used to adjust the fiber content

in suspension.
proportion.

Clay slurry was mixed with the pulp in the

Single handsheets were made with and without

filler in the Noble and Wood handsheet mold.

The basis

weight of the single handsheets were 11-13 lbs. (25 x 38500).

The filled sheets were approximately 35% ash.
The plybonde<l sheets were made in the following manner:
1.

Make a single filled sheet and press lightly.

2.

Make a second filled sheet and press lightly.

3.

Place the above two sheets together, top-to
top with wires still in place, and press
lightly.

4.

Remove one of the wires.

5.

Make unfilled sheet and press lightly.

*6.

Repeat steps 3 and 4.

7.

Repeat steps 5 and 6.

*Note:

The wire that was removed depended on where
the filler was to be located (the filler was
assumed to be on the top half of the sheet
for this purpose).

The plybonded sheet was dried on a can dryer at
250° F.

One surface of the sheet was dried over ten revolu

tions of the dryer.

The sheet was placed in a plastic bag

after drying to insure an oven-dried sheet.
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Three sets of plybonded sheets were made with various
filler locations.

Three control sets were a lso made.

One

control was an unfilled sheet to show any differences be
tween filled and unfilled sheets.
dried on both sides.
cycle.

The second control was

The sides were a lternated each drying

The third control was made of four filled hand

sheets.

This control was to approach a completely even

filler distribution throughout the sheet.

Each of the six

sets were made up of ten plybonded sheets.

The sets were

prepared as follows:
1 (unfilled)
.T

T
w

T
TOP

0Aa
dryer side
4

3

2
T
w
T

l'3Ll.f.R

w
l"rl..l..llR

FJ.LLllA
dryerw side

ftLUi8

w
I

dryer'"side

5 (dryer control)
dryer side

F:tLI..ER
F-lL.LE!3

\N'

T

6 (Evenly Distributed)
w
;::J.l LER
w
.

F-2LI./!�

w

dryer side

The

f

w

plybonded

dryer side

f+'-HR

w
dryer side

sheets were cut into 6-inch diameter

circles and placed in a walk-in humidity room.

�he relative
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humidity was varied over a range of 25-80%.
was measured with a sling psychrometer.

The humidity

The dry-bulb tem

perature was consistently 96 ° F.
The first curl measurement was the greatest departure
or the sheet from the flat surface.
ment was marked.

This point of measure

The marked point was measured at each

of the other humidities.

A measurement of the highest

point, or greatest departure from the flat surface, was
also taken if different from the marked point.

Each meas

urement was m ade with a ruler to the nearest 0.5 millimeter.
Statistical analysis was done on the data of the measure
ments of the marked points after being corrected to a 45
lb. basis weight .
. The samples were dried in an oven and weighed to deter
mine the basis weight fo each sample.
Three sheets of each of the filled-sheet sets were
split with a Beloit sheet splitter.

The sections were ashed

to determine total ash and filler distribution.

The remain

ing sheets in each set, including the unfilled sheets, were
ashed to determine total ash.
done on the ash data.

Statistical analysis was
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PRESENTATION OF RESULTS
Tab le 1 shows the precision of the filler content in
each set and throughout the total group of samples.

Table

2 represents the relationship between curl and relative
humidity.

Tab le 3 indicates the mean curl and the standard

deviation from the mean curl at the various humidities for
each set.
Figures 2 and 3 illustrate the location of the filler
throughout the sheet with respect to the top-side and dryer
side.

Figures 4-6 show graphically the relationship between

curl and relative humidity.

Figure 4 compares the filled

sh�ets to the unfilled control sheet.

Figure 5 illustrates

the effect of the drying technique used.

Figure 6 exhibits

the differences between a sheet of even ly distributed filler
and sheets of unevenly distributed filler.
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TABLE 1.

Illustrates the precision of the filler contents
within each set and throughout the entire set

of samples.
% Ash
Set 1

Set 2

Set 3

Set 4

Set 5

Set 6

mean

0.23

20.72

21.29

20.81

20.52

23.13

std. dev.

0.021

1.5 4

1.24

1. 98

1. 90

1.35

mean of population:

21.29%

variance of population:

1.81%
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iAtlLE 2.

Shows how curl varied with changes in relative
humidity.

Curl, mm

% RH

Set 1

Set 2

Set 3

Set 4

Set 5

Set 6

25.3

3.1

1.6

2.5

5.5

5.5

3.2

37.u

3.2

1.5

2.7

6.1

5.9

3.2

55.0

3.2

1.5

2.7

4.7

4.3

3.2

o9.5

3.0

1.4

2.0

4.0

2.9

3.0

02.5

2.0

0.6

0.7

2.0

2.1

1. 7
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TABLE 3.

Relationship between curl and relative humidity
showing the standard deviations of the curl meas
urements for 2ach humidity.
Curl, mm
Set 1

Set 2

Set 3

Set 4

Set 5

Set 6

!uean

3.1

1.6

2.5

5.4

5.5

3.2

std. dev.

1.4

0.7

0.6

1.3

1.7

0.9

mean

3.2

1.5

2.7

6.1

5.9

3.2

std. dev.

1.4

0.6

0.9

1.6

1.7

0.8

mean

3.2

1.5

2.7

4.7

4.3

3.2

std. dev.

1.5

0.5

1.0

1.5

1.2

0.9

mean

3.0

1.4

2.0

4.0

2.9

3.0

std. dev.

1.4

0.6

1.0

1.5

0.9

1.0

mean

2.0

0.6

0.7

2.4

2.1

1.7

std. dev.

1.3

0.4

0.4

0.8

0.9

0.7

to RH

25.3
37.0
55.0
69.5
82.5
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DISCUSSION OF RESULTS
Figures 2 and 3 show the relative distribution of the
filler throughout the sheet.

Set 2 contained the majority

of the filler on the dryer side.

Set 3 had most of the

filler toward the middle of the sheet.·

The filler content

of Set 4 was found.on the top-side of the sheet.
contained its filler content to one side.

Set 5

A particular

side was not designated because both sides were "dryer
sides."

Set 6 was found to have had a very even distri

bution of filler.
Figure 4 shows that maximum curl was produced when
the filler was farthest away from the dryer surface.

The

smallest degree of curl resulted when the filler was clos
est to the dryer surface.
It was noted by Lorey and Libby (10) that there was
no difference observed between a filled sheet and an un
filled sheet.

The smallest difference observed was between

the unfilled sheet and an even distribution of filler, which
can be seen by comparing Set 1 with Set 6 in figures 4 and
6, respectively.

There was no significant difference be

tween these papers.

One might conclude that the papers

evaluated by Lorey and Libby (10) and those by Glynn (.l.2,)
were sheets which contained evenly distributed filler.
Filler distribution was not determined

in

these studies.
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In Figure 5, Set 5 or the dryer control seemed to par
allel the sheet with the filler farthest from the dryer
surface.

However, the dryer control did exhibit less curl.

The dryer control was constructed the same as Set 4.
was verified by the graph of filler distribution.

This

The dryer

control was also the same as Set 2 when the side of the
oryer control with the majority of the filler was next to
the dryer surface.
·

From this, it was expected that the

dryer control would have yielded a curl response about half
of the difference between Sets 2 and 4.
over dried intentionally.

The samples were

Set 5 was suspected of similating

Set 4, rather than Set 2, because during the drying process
.it was the side with the filler that happened to be farthest
from the dryer surface at that time when the sheet became
fully dried.

Possibly, if the first-dried side had been

the side without filler content rather than the side with
most of the filler, the results probably would have par
alleled Set 2.

The dryer control demonstrated that there

was a difference in which side was dried last.

It was the

side of the dryer control without filler content that dried
last.

The results showed that the side which contained

the most filler content, i.e. the felt side of a fourdrinier
sheet, should be dried last to produce the least amount
of curl.
Figure 6 indicates that an even distribution of filler
had moderate curl when compared to uneven distribution.
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As was stated previously, the evenly distributed control
sheet gave a pproximately the same degree of curl as did
the unfilled control sheet.
Observations of curl responses were made for each set,
when the samples were placed in the oven to dry before de
termining basis weight.

Set 1, the unfilled control,

curled severely toward the dryer side.

This indicated a

greater moisture content on that side compared to the top
side of the sheet.

Contraction of the sheet which caused

the curl toward the dryer-side was probably due to a great
er rate of moisture loss than that of the top-side.
Set 2 curled a small degree away from the dryer side.
From Figure 2, S�t 2 contained its ash content more toward
the dryer-side.

Therefore, there was a larger fiber content

on the top-side to absorb moisture during the humidity in
crease.

Upon drying, the moisture loss caused contraction

toward the top-si<le and away from the dryer-side.
Set 3 contained most of its ash near the center of
the sheet with fibers on both surfaces.

Curl was observed

in both directions which yielded a wavy pattern.
Set 4 curled severely toward the dryer-side.

The fiber

concentration was on the side which the curl was toward.
Set 5 curled much the same as Set 4.

This indicated that

the drying technique used had little. affect on the results,
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since all of the sets, excluding Set 5, were driect on one
side only.
Set 6 curled very little in both directions, but it
curled more toward the dryer-side.

Here, the curl was still

similar to that of the unfilled sheet in that it was more
toward the dryer-side.

These findings agreed with those

of Glynn (!2) that the curl was toward the side which was
dried last.
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CONCLUSIONS
The location of filler in a sheet of paper varied the
magnitude and direction of curl.

The maximum amount of

curl was produced when the filler was farthest away from
the dryer surface.

The least amount 0£ curl was produced

when the filler was the closest to the dryer surface.

Only

an even distribution of filler similate<l the curl response
of an unfilled sheet in both magnitude and direction with
humidity increase.
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RECOMMENDATIONS
A different type of sheet-forming device should be
used, not only to verify results, but to improve on the
technique used.
shown in Table 3.

A high variation in curl measurements are
The technique used often times created

wrinkles within the plybonded. sheet.

The internal wrinkles

are possibly a cause of the high variation observed.
A single-ply sheet should be studied as a control to
determine whether or not plybonded sheets correlate to a
single-ply sheet.

The ultimate verification of this study

�ould be to use a fourdrinier papermachine as the forming
device.

Filler distribution should then be determined to

correlate to the laboratory positioning of the filler.
It would also be worthwhile to observe the curling
of the type of sheets studied here over a humidity range
of 80% to 20% rather than the 20% to 80% of this study.
The role of overdrying a sheet should be studied more
closely;

This would be especially helpful with an alternate

drying sequence such as used with can dryers.
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